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A process has been established for fabricating Inrgaﬁarz?AS JFETs
on InP substrates that is capable of making JFETs with small gate

lengths (=~ 0.57um), low source resistance (2§)), low gate series resis-

current (100 nA). . The process involves a shallow localized Zn diffu-
“sion and a controlled etch using the gate metal as a mask. The effec-
tive gate length is somewhat smaller than the gate metal "length", thus
facilitating the formation of submicron gates. At modest reverse-bias
gate voltages, these JFETs havgugm values approaching twice that which
would be expected for corresponding GaAs MESFETs. However, near zero-
gate bias, there is substantigllgm compression, perhaps arising from
defects associated with the Zn-diffusion process. Further device opti-
mization is still required along the lines of increasing channel doping,
decreasing gate length, and developing improved diffusion processes
(e.g., ifon-implantation). Optimized Infgsﬁa:i?As JFETs will probably
outperform even the best GaAs MESFETs. ®
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I. INTRODUCTION

1.1 Motivation for Development of In Ga, As FETs

In recent years, there has been increased interest in InxGa]_xAs
FETs. This interest arises from certain material properties of In Ga,_ As
that are expected to lead to favorable device properties, as compared to
GaAs FETs. InxGa1_xAs has a lower bandgap than GaAs. This leads to a
smaller effective mass for electrons, which in turn leads to higher
electron mobility (u) and tends to lead to a larger value for the satu-
rated drift velocity (vs). While the higher mobility helps to reduce
parasitic resistance, the larger value for Vg is more important, in that
the transconductance (gm) and the speed of the FET are proportional to
V-

In addition to its smaller bandgap, InxGa1_xAs has a greater energy
separation between the nearest conduction band satellite valley (L) and
the central valley minimum (I'). This tends to reduce intervalley electron
transfer, which also helps to increase Vg and in addition tends to
decrease Gunn-effect current instabilities. Reduction of such instabi-
lities should result in lower noise FETs. Noise will also be reduced by
the larger values of I that are expected to occur for the increased Vg

1.2 Previous Results

This is the final report for this contract. In Ga; ,As FETs have
been fabricated in earlier work under this contract (NO0OO14-78-C-0380),
and have been described in previous contract repor'ts.l'2 These efforts
met with 1imited success and will now be summarized. Initially,
InxGa]_xAs FETs with x = 0.33-0.34 were grown by vapor phase epitaxy
(VPE) on GaAs substrates. Such FETs were somewhat difficult to grow due
to the lattice mismatch between the epilayer and the substrate. These

ey L

T




FETs were found to have vy = 1.8 x 107 cm/sec, which is 40% larger than
for GaAs FETs. Nevertheless, they were relatively noisy, having noise
figures of = 3.2 dB at 8 GHz with an associated gain of Ga = 14,2 dB.
The poor noise performance resulted from the use of an n+ substrate.
Attempts to grow high-quality VPE layers on semi-insulating GaAs sub-
strates were not successful.

In an effort to improve performance, structures having no lattice
; mismatch were fabricated. This is accomplished by growing In.53Ga.47As
on InP substrates. This particular composition of InxGa1_XAs has the
same lattice constant as InP and has a bandgap of 0.75 eV. However, 1
Schottky barriers on In.53Ga.47As are near-shorts, due to the low band-
gap. Hence in order to fabricate MESFETs, two modified structures were
employed: n—InxGa1_xAsyP]_y/n-ln.53Ga.47As/S.I.-InP (substrate) and
n-InP/n-In.53Ga.47As/S.I.-InP (substrate). These structures have a thin
high-bandgap lattice-matched layer grown over the In.53ﬁa.47As layer to
facilitate formation of low-leakage Schottky barriers.

The first structure above was grown by 1iquid phase epitaxy (LPE).

The high-bandgap (1.27 eV) InGaAsP layer is used rather than InP to
minimize meltback of the In.53Ga.47As layer by the melt for the top
layer. MESFETs having this structure were foundz'3 to have Vg = 2.95 x
107 cm/sec -- more than twice the value for GaAs, and similar to a
recently- reported va]ue4 of 2.6 x 107 cm/sec for electrons in p-type
In.53Ga.47As. However, the devices had very poor gain (G = 2 dB) and
noise figure (18 dB) at 8 GHz, mainly due to the excessive thickness

: of the channel. The channel thickness was larger than the gate length
; which leads to unusually high output conductance.]2 The second struc-
ture described above was grown by VPE, which tends to produce slightly
Tower mobility than LPE. These FETs were also noisy, having a noise
figure of 9.5 dB at 8 GHz with about 6 dB associated gain.
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1.5 Recent Results

In the most recent work under this contract (described in detail
in this report), we have undertaken the fabrication of In.53Ga.47As p-n
junction FETs (JFETs). A fabrication process has been established that
is capable of making JFETs with small gate lengths (~0.5 um), low gate
series resistance (< 4 Q), negligible "sidewall" capacitance, and low
gate leakage current (< 100 nA). The process involves a shallow Toca-
lized Zn diffusion and a controlled etch using the gate metal as a mask.
The effective gate length is somewhat smaller than the gate metal
"length", thus enabling submicron gates to be more readily obtained.

In order to simplify the development of the process, however, a
relatively large gate length mask (1.5 um) has been employed. Lattice-
matched In.53Ga.47As FET layers with N = 2-3 x lowcm'3 were grown by
MBE on semi-insulating InP substrates. JFETs with gate metallization
300 um wide and 1.5 um long have had (external) 9 values of 28 mS, gate
series resistance (metal + contact) less than 4 Q, gate leakage current
near pinchoff (2.5V) as low as 20 nA, and source series resistance as
low as 2 Q. Having established the basic processes, improved JFETs
could now be fabricated by using more highly doped In.53Ga.47As (n =
9 x 1016cm'3) and by using a = 0.5 um gate mask. It is hoped that such
changes will allow the factor of 2 increase in I (and speed) that is
theoretically expected compared to GaAs MESFETs.
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2. In.53Ga.47As MATERIAL GROWTH

Lattice-matched In.53Ga'47As was grown on (100)-oriented Fe-doped
InP substrates. Substrates were chemo-mechanically polished using the
standard sodium hypochlorite solution and etched in 4HZSO4 1H202 1H20
solution prior to growth. The substrate was mounted on a Mo heater
block using In as a bonder and heat-cleaned in the growth chamber at
510°C for 5 minutes. To reduce surface degradation due to preferential
evaporation of phosphorus from the substrate, an As4 over pressure was
provided during the cleaning when the substrate temperature reached
300°C. The growth was initiated by opening the shutters interposed
between the substrate and the furnaces containing the In, Ga, and As
charges. The temperatures of the In and Ga furnaces had been calibrated
so that the In.53Ga.47As layer had the same lattice constant as the InP
substrate. The Si furnace temperature was set to obtain a free electron
concentration of 2-3 x 10]6cm'3. The growth rate used was about 1 um/
hour, and the As4 to Zn + Ga flux ratio was about 0.8. A1l the growth
was performed at a substrate temperature of 420°C.

MBE layers of In 53Ga 47As with dopings in the mid- 10]6cm -3 range
generally have electron mobilities between 5000 and 7000 cm /V -sec.
Slightly higher mobilities for this doping range are possible by LPE (up
to 9000 cm“/V-sec). MBE In.53Ga.47As layers generally have shiny
nearly featureless surfaces, similar to GaAs. There is no sign of
strain (i.e., cracks or a cross-hatch pattern).
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3. JFET FABRICATION AND RESULTS

3.1 General Background

JFETs have a structure similar to the common Schottky-barrier
MESFET. The basic difference is that the gate of a JFET is formed by a
p~n junction rather than a Schottky barrier. Schottky barriers heights
on In.53Ga.47As are so low and the barriers so leaky that they resemble
electrical shorts. On the other hand, In.53Ga.47As p-n junctions can

have leakage currents in the 10'5 A/cm2 range5 at half of the breakdown
voltage.

There are two basic JFET structures (Fig. 1). The most commonly
seen JFET structure is shown in Fig. la. We have chosen not to pursue
this structure for several reasons. The minimum gate length for the
structure of Fig. 1a is large, about 1 um. This arises from the ~0.5
um minimum opening in the Sioz, and the lateral diffusion of ~0.25 um
on each side, for a junction ~0.25 um deep (which we shall see is about
the smallest acceptable junction depth). Furthermore, the sidewall
capacitance arising from the edges of the diffused region is substan-
tial. In fact, the gate "length" entering a capacitance calculation
includes the sidewalls and has a minimum value of ~1.5 um. Another
problem with the structure of Fig. la is that SiO2 (and probably SiNx)
are known to be poor passivants for an exposed p-n junction in
In'53Ga.g7ss, in that they cause a substantial increase in leakage
current.

Because of the limitations of the structure of Fig. la, we have
concentrated our attention on the structure of Fig. 1b. This structure
is formed using the gate metal as an etch mask and has negligible side-
wall capacitance. Furthermore, the gate length can be smaller than the
metallfzation "length" for favorable etch profiles, thus facilitating
the formation of submicron gates.
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A priori, it was not known whether the structure of Fig. 1b would
be feasible. Potential problems included:

1) making reproducible shallow diffusions to form high-quality
p-n junctions,

2) use of the gate metal as an etch mask (would the resulting
metal lips on the gate droop down, thereby shorting out the
p-n junction?),

3) obtaining a good etch profile of constant depth across the
entire wafer,

4) achieving low gate contact resistance without damaging the
underlying shallow p-n junction, and

5) lack of a buffer layer (would the epilayer be damaged by
outdiffusion from the Fe-doped substrate or would the sub-
strate interface be of high enough quality to avoid excess
leakage, Im compression, etc.?).

Fortunately, these problems were either minimal or solvable.

3.2 JFET Fabrication Process

We now describe in more detail the JFET fabrication process for the
structure of Fig. 1b. First, a layer of lattice-matched In.53Ga.47As
is grown by MBE on a (100)-oriented semi-insulating Fe-doped InP sub-
strate. Next, mesas are etched for ~15 sec in a solution of 4H20:1HF:1H202
using a mask of 1350J photoresist (Fig. 2a). This etch makes extremely
flat bevels on all edges of the mesa, thus it is easy to run metal lines
over the mesa edges. After removal of the resist, 3000 R of SiO2 is
deposited and patterned to form openings for Zn diffusion. The Zn

g~

§
b
)
&
‘J
-
3
*‘{
-
e
g4
g




-

e — — -

-

—1— Ing.53Gag 47As
MESA ON InP

>

(TOP VIEW)

a)

AuZn GATE METAL

DRIEIN

|

L—-———;._—-s 0 Si0,
I d \

\ n - Ing 53Gag 47As
\ p - Ing g3Gag 47As
S.I. InP

(CROSS-SECTION)
c)
source  \™“¥"  DRain
o =Nl
P T i S "y ~~AuSn
]

Fig. 2

— MESA

p
”
A
;
’
4
’
A
-
’
4
7
/
A
;
Z
A
Z
7

77
7
/
A
A
A
A
’
’
A
e
A
7
A
A
;
’
;
A
A
’
l‘

(TOP VIEW)
b}

— Zn DIFFUSED
REGION

AuZn
AuSn (GATE) AuSn
Xsouncﬂ S (DRAIN)
—

‘-~—--— ———

d)

AuZn

——

N

f)

JFET fabrication process

Au
AuSn

n - Ing 53Gag 47As
P’ - Ing 53Gag 47As
S.I. InP

4y iy




e

o

o s

R

- e e

IR Ve 1 1

Completed FET (top view).

Fig. 2g

SRR e S e,

[ DR,

7

F v




i

diffusion extends beyond the edges of the mesa. This will later keep
the gate metal at the edges of the mesa from being shorted to the n-
channel (Fig. 2b). The Zn is diffused for ~1 hour at 400°C using an
evacuated quartz ampoule containing the wafer and a small quantity of an
In-Zn alloy (10 wt.% Zn). Using standard photolithographic 1iftoff
techniques, AuZn gate contact fingers (i.e., gate leads) are formed by
e-beam evaporation (Fig. 2c). A typical deposition is 500 R Au/300 R
In/2500 R Au. We are careful to keep the Zn concentration below the
room-temperature solubility of Zn in Au (~15 atomic percent). This is
to maximize the electrical conductivity of AuZn by eliminating alloy
scattering.

The AuZn gate metallization is located as close as possible to one
edge of the SiOz, which will become the source side of the FET (Fig.
2c). This will reduce the source resistance, thereby improving perfor-
mance. Next, the SiO2 is removed and the source/drain contacts are put
on by standard techniques (Fig. 2d). These contacts consist of 100 &
Au/200 & sn/1000 R Au deposited by e-beam evaporation. The source is
positioned as close to the gate as possible to minimize source resis-
tance. Note that the drain overlaps part of the p-region. This will be
helpful in a later step. ‘

Next, the contacts are annealed for 3 min. at 300°C in H2' Then
~3500 R of Au is evaporated onto most of the source and drain area, and
onto the gate contact pad (Fig. 2e). This is to reduce resistance and
to allow wirebonding. Finally, the excess p-region is etched away (Figs.
2f and 2g) using 25 citric acid (50% by weight):‘IHzO2 (30% solution),
which etches In.53Ga.47As at ~20 R/sec, which is the same etch rate as
for GaAs.8 The etching is done in small steps. After each step, the
gate-drain leakage is examined. Initially, the gate and drain are
nearly shorted, since the drain contact overlaps the p-region slightly
(Fig. 2d) and since even AuSn forms an ohmic contact to p++-In.53Ga.47As.
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However, when the etch depth exceeds the depth of the p-n junction, the
gate and drain are no longer shorted and instead have a low-leakage p-n
junction I-V characteristic. One seeks to etch just barely to the depth
of the p-n junction. Further etching thins the external channel region,
thereby increasing source and drain resistance and reducing IDSS' On
most wafers, the etch depth is uniform across the wafer to better than
400 R, even for an etch depth of 4000 A.

The etch profile obtained depends on the orientation of the gate
relative to the crystallographic planes. MBE In.53Ga.47As grown on
(100)-oriented InP seems to have a slightly granular surface in some
regions when observed under very high magnification (1000X). The grains
are elongated and parallel to each other and to one of the cleavage
planes. Hence these grains can be used to distinguish one cleavage
plane (e.g., (011)) from the other (0T71). Elongated etch pits can
sometimes be formed on thick layers of In.53Ga.47As by etching ~10
minutes with 1NH20H:1H202:2H20. These pits are found to be parallel to
the grains. Gates etched in the citric acid/hydrogen perioxide etch
that are oriented parallel to the grains have the cross-section shown in
Fig. 3a, while those oriented perpendicular to the grains have the
cross-section shown in Fig. 3b. The lattet is the preferred orientation
since the gates are then somewhat shorter than the gate metal length and
also have maximum contact area (thus minimizing the contact resistance
of the gate metal). Note that the etch leaves fairly flat bottoms.
Recently we have experimented with another etch, 1NH40H:1H202:2H20, but
have not yet fabricated FETs using it. This etch, which weakens with
age, has the cross-section shown in Fig. 4a when the gates are parallel
to the grains, and the profile of Fig. 4b when the gates are perpendi-
cular to the grains. (In Fig. 4, the "gate" mask is 5102 rather than
metal.) Notice the clean flat-bottomed profiles and also that the
profile of Fig. 4b will lead to gates that are shorter than the gate
metal length.
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Fig. 3 25 citric acid:'lHZO2 etch profiles in In 53Ga 47As.
(a) cross-section for gates parallel to grains.
(b) cross-section for gates perpendicular to grains.




0.4 nm

b)

Fig. 4 Ammonium hydroxide/hydrogen peroxide etch profiles
in In.saﬁa.47As:
(a) cross-section for gates parallel to grains.
(b) cross-section for gates perpendicular to grains.
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One of the potential problems that JFETs have that MESFETs do not
have is the gate contact resistance (which is not to be confused with
the resistance associated with resistivity of the gate metal). Since a
1-um gate 300-um wide has an area of 3 x 10'6cm2, the specific contact
resistance, Rc’ must be very small. Rc was measured as follows:

First, Zn was diffused into two samples of In.53Ga.47As having n = 2 x
10]6cm'3. One sample had a 1-hour diffusion at 400°C; the second sample
had a 4-hour diffusion, also at 400°C. Source/drain contact pads of
varying spacing were then formed by evaporating Au/Zn/Au = 5008/1008/
5008 (Fig. 5a). Th2se were then annealed for 3 min in H2 at 300°C.
Using the analysis of P. L. Hower et. al,g RC was determined. For the
piece diffused 1 hour, R, = 0-1 x 10'6 Q-cmz, while for the other piece,
R, = (4 £+ 2) x 1076 Q-cg . Tge scatter in the data suggest that R, is
probably in the low 107" Q-cm” range. When one of the pieces was re-
annealed for 90 sec at 320°C in H,, R. increased to 1.2 x 1073 Q-cm?.
Based on this limited data, it appears that 3 min at 300°C is the

preferred contact anneal.

A 1-hour diffusion at 400°C results in a p-n junction about 0.25 um
deep. This depth was obtained by etching the pieces used for the
contact resistance measurements until the p-layer was just barely etched,
except beneath the contact pads (Fig. 5b). The etching was done in
steps using the 25:1 citric acid:hydrogen peroxide etch. Before this p-
layer is etched away, the pad-to-pad I-V is nearly ohmic. After it has
been etched through, the pad-to-pad 1-V is that of a p-n-p diode. For
such a diode, there is always one p-n junction that is reverse biased,
so leakage currents should be small, assuming that neither p-n junction
is shorted by the metal 1ips of the contact pads. For pads 50 x 200 umz,
the leakage current was as low as 3 nA at 5 volts. Perhaps more impor-
tant was the observation that most pads had low leakage, usually less
than 1 pA at 5V. Hence we obtained the important result that at least
for shallow etches, metal can be used as an etch mask and will usually
not short out an underlying p-n junction. (However, if the metal lips
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formed by undercutting are large compared to the metal thickness, it is
probable that shorts will occur.)

The specific contact resistance of pure Au contacts to p+-In.53Ga’47As
was also measured. Unannealed contacts on a 0.25-um thick p-layer
formed by a 1-hour diffusion at 400°C had Rc = 5.6 x 10'4 Q-cmz. A 90-
sec anneal at 3:0°C in H, reduced R_ to 1.4 x 1074 g-cn?, which is still
~100 times laryar than for the best AuZn contacts. Part of the unannealed
piece was etched to remove the p-layer, except beneath the contact pads.
A subsequent &7 e<ne anneal at 320°C had little effect on the (small)
leakage current of a reverse-biased pad (the other terminal was an ohmic
contact to thz n-InGaAs layer). However, an additional 90-sec anneal at
350°C in Hé caused all the diodes to become shorts. Hence the 350°C
anneal damaged the junction that was 0.25-um deep, whereas the 320°C
anneal did not. Fortunately, AuZn makes a fairly good ohmic contact,
even at lower temperatures (300°C). It is evident, however, that the
junction must not be too shallow or it will be degraded by the contact
anneal. One FET wafer used a 30-min diffusion at 400°C and had a junction
depth of about 1500-2000 R. Leakage current was a little higher than
for the 2500 R deep junctions and seemed relatively noisy (as seen on a
curve tracer). Hence, the minimum junction depth for our process is
probably about 1500 R and should preferably be 2500 R or larger. Exces-
sively deep junctions should also be avoided in order to more accurately
control the channel thickness. Junction depths between 0.25 um and 0.4
um are probably best. Junction depth seemed to scale with time (t)
more weakly than the expected t]/Z dependence; the dependence may be as
weak as t]/4.

As mentioned above, the source and drain contacts consist of
Au/Sn/Au = 100R/200R/1000R. These are annealed along with the gate
contacts at 300°C for 3 min in H,. Higher temperatures cause excessive
pitting in the AuSn contacts, and presumably, higher contact resistance.
Other work at Varianl0 has indicated that AuSn forms a very low resis-

< 106 a_~ml -
tance (< 107" Q-cm”) contact to In]_xGaxAsyP]_y having Eg = 1.0 eV.
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Even lower resistance would be expected for In.53Ga.47As, due to the
lower bandgap (0.75 eV). Hence the parasitic source and drain resis-
tance will probably be dominated by the channel resistance rather than
the contact resistance, for these In.53Ga.47As JFETs.

3.3 JFET Results and Evaluation

To simplify development of the fabrication process described above
in Sec. 3.2, we chose to begin with rather 1ightly doped (n = 2-3 x
1018 en™3) In (462 4 hs, since 10/ 7en™® In 62 4 As begins to have
avalanche/ tuﬁneliﬁg breakdown at only a féw voits. Hence the trans-
conductance I which increases ?2 /ﬁi is not yet optimized. In the
future, dopings in the 7-10 x 10" "cm ~ range might be used, which would
increase I by a factor of 2. In addition, a gate mask with a gate
length of 1.5 um was used in order to simplify photolithography and
potential undercut problems during etching. Now that the process has
proven feasible, smaller gates may be used.

Five different FET wafers have been fabricated thus far. A1l came
from a single large wafer grown by MBE, which had an In.§3Ga.47As layer
with thickness of 0.7 um and doping of n = 2-3 x 10'%m™>. A1l FETs had
gate metallizations that were = 1.5 um long and 300 um wide.

The source/drain characteristic for one of the more recently fabri-
cated FETs (wafer M71-4) is shown in Fig. 6. This FET, which is typical
of most of the FETs on this wafer, has 9y = 20 mS, IDSS = 55 mA, and a
pinchoff voltage of V_ = 2.5V. Values of 9, UP to 28 mS were observed
on this wafer. The p region is about 0.25 um deep and was formed by a
1-hour diffusion at 400°C. Gate leakage currents were as low as 20 nA
at 2V, but tended to increase for biases above the pinchoff voltage
(x2.5V) (there is no buffer layer). A typical source/gate I-V char-
acteristic for wafer M71-4 is shown in Fig. 7. Note the very low
leakage current at reverse biases,
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Fig. 6 Typical drain characteristic for sample M71-4,
(0.5 v/div, 10 mA/div, -0.5 V/step)
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The FET characteristics go through significant changes as the p+
region away from the gate is etched away; i.e., as the structure of Fig.
2e is changed to the structure of Fig. 2f. We will describe these
changes for wafer M71-4. Before the etch, as mentioned earlier, the
gate is shorted to the drain through the p+ layer (Fig. 2e). Typically,
gate-drain currents of ~20 mA occur at 1V reverse bias (i.e., negative
gate voltage and IDSS is typically ~ 45 mA. After 60 sec of etch-
ing in the citric acid etch (i.e., 25 citric acid (50% by weight):]HZO2
(30% solution)), part of the p+ layer is removed. The gate/drain leakage
is then ~10 mA at 1V reverse bias and IDSS is still =45 nA. After an
additional 60 sec etch, the gate/drain leakage becomes typically ~50 uA at
+ 1V and IDSS is still ~45 mA. The reduced gate/drain leakage suggests
that the remaining p -layer is < 100 R thick. Since the leakage is
typically of the same order of magnitude across the whole wafer, it
would appear that the etch depth is uniform to within =100 R. At this
stage, normal FET characteristics can now be observed; gm's range up to
28 mS, with 24 mS more common.

After an additional 30-sec etch, gate/drain leakage becomes typically
~10 uA at 1V and In is still typically about 24 mS. However, typical
IDSS increases to = 55 mA. The increase in IDSS suggests that the p-
Tayer away from the gate metal has been completely removed. Hence the
external channel (i.e., away from the gate metal) no longer has a deple-
tion region at the top of the n-layer, and thus can carry more current
under saturation conditions; this increases IDSS' An additional 30-sec
etch further reduces gate leakage; at 2V reverse bias, leakage current
is as low as 20 nA with 100 nA more common. Typical gés (at Vg = 0)
are slightly smaller, about 20 mS, while the largest 9, is 24 mS.
Figures 6 and 7 are the FET characteristics observed at this stage of
the etching.




A11 FET wafers went through similar stages as they were being
etched. Wafer M71-3 was etched to the same stage as the last stage just
described for M71-4. Typical gate leakage current was ~1 uA at 2V, and
IDSS was typically =~ 80 mA. For wafer M71-3, Zn was diffused for only
1/2 hour at 400°C and the junction depth was about 0.15 to 0.2 um.

This diffusion is shallower than for M71-4 (which was diffused for 1
hour at 400°C, resulting in a junction ~0.25 um deep). Hence M71-3 has
a thicker channel than M71-4, which is consistent with its larger IDSS
(80 mA vs 55 mA). Wafer M71-3 was then etched an additional 12 sec.
This reduced typical IDSS to 70 mA; typical leakage currents were un-
changed. The reduced IDSS occurs because the exterior channel is now
thinner than the interior channel (i.e., under the gate metal) due to
the extra etching. The leakage currents on this wafer (~1 uA) were
significantly higher than on M71-4 and suggest that the junction is a
little too shallow to avoid being damaged during the contact anneal.
Further etching continues to reduce IDSS and {consequently) causes 9
compression to occur near VG = 0.

It is a significant finding that most FETs on a given wafer simul-
taneously go through the various stages during etching -- even for 12-
sec etch steps. This indicates that the etching is very uniform across
the wafer. It would be feasible to etch down to a junction even as deep
as 0.4 um. We might comment that while the uniformity across the wafer
is excellent, the etch rate itself seems to vary from day to day, or
wafer to wafer, perhaps because the citric acid etch weakens with age or
use. Etch rates are in the 10-40 ﬁ/sec range with 20 R/sec perhaps
typical.

We have made measurements that determined upper limits for the
gate, source, and drain resistances. We measured the dynamic resistance
of the gate-drain junction (RGD) and the gate-source junction (RGS) at
a forward current of 50 mA. The better FETs have a spacing between the
source and gate metals of about 1.0 um and a gate-drain separation of
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about 4.0 um. Such FETs have RGS = 70 and RGD = 11Q. By stepping the
drain current and noticing the voltage shift of the gate-source I-V
characteristic, the source resistance (RS) can be estimated. The better
FETs have RS = 20. The channel thickness after etching is a = 0.4 um,
as determined by the pinchoff voltage, along with the approximately-

known doping (n ~2.5 x 10]6cm'3):

a = \/ZK‘EO(Vp + ¢)/ne H (1)

a ~ 0.4 pm is also obtained from the photomicrographs of FETs taken

on the scanning electron microscope. For a mobility of 8000 cm2/V-sec,
a channel length of 1.0 um has a resistance of 2.6 2. Since Rs s 2 Q
was measured, it is evident that the source (or drain) contact resis-
tance must be negligible compared to the resistance of the external
channel.

Subtracting RS from RGS gives an estimate for the upper limit of
the gate series resistance under reverse bias conditions of RG =5 Q.
This value is an upper limit because:

1) Current under forward bias tends to flow mainly in the edge of
the gate near the source. Hence the full gate area is not
being utilized under forward bias, with the result that the
gate contact resistance is exaggerated;

2) RGS includes a fraction of the internal channel resistance;

3) RGS includes about 1 ohm for the intrinsic resistance of a p-
n junction biased to 50 mA (assuming a non-ideality factor of
n=2).

Item (3) alone suggests a better estimate for R; s Ry = 4 2. Part of
RG is due to the finite resistivity of the gate metal, CPe This resis-
tance contribution 1sn
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Re,MET = 3, e (2)

Here L. is the gate metal "length" (x 1.5 um), z is the unit gate width
(150 um), and h is the height of the AuZn gate metal (=~ 0.3 um). Taking
B =5x }?'6 Q-cm for AuZn (which is also the value measured for alumi-
num gates '), results in RG,MET =3 Q. Smaller values could be obtained
by using thicker gate metals. With RG z 4 Q and RG,MET = 3 Q, there is
then only about 1 ohm left for the contact resistance of the gate. The
specific contact resistance would then be =~ 4 x 10'6 Q-cm, which is
consistent with the more direct measurements described in Sec. 3.2.

In summary, the JFET parasitic resistances that effect noise and
gain are small: Source and drain contact resistances are negligible,
gate contact resistance is swall (in the low ]0'6 Q-cm2 range), and the
resistivity of the AuZn gate metal is low and comparable to aluminum.

We now discuss the magnitudes of the In values that have been
obtained. To a first approximation, there is velocity saturated current

flow under the entire gate. For this case, Im is theoretically given
1,12
by’

9y = z vs‘erone/Z(-VG +¢) R (3)

where Vg is the saturated drift velocity and « is the relative dielectric
constant (=12.5); Vo is the gate voltage relative to the source, and ¢

is the built-in voltage (=0.6V). For VG =0, 4 =0.6V, x =12.5, n

= 2.5 x 10'%m™3 and 2 = 300 um (as for our FETs), and for vs the same
as for GaAs (1.3 x 107 cm/sec), Eq. (3) gives

g, (Vg = 0) = 24ms : (4)

Observed values of 9y 2t VG = 0 ranged up to 28 mS with 20-24 mS more
typical. Internal values of 9, are expected to be larger by the factor
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of (1 - ngS)']; this factor usually represents only a 5-10% enlarge-
ment. Hence at VG = 0, these JFETs appear to have gm‘s only slightly
larger at best, than corresponding GaAs FETs would have. However, at
finite gate biases, (VG < 0), significant improvement occurs.

For example, when VG = -1.8V, Eq. (3) predicts that gy, should be
half of the value for V_ = 0. Instead, we observe that gm's are only
slightly smaller at VG = -1.8V than at VG = 0. For example, Fig. 6
shows a JFET with 9y = 20 mS at VG = 0 and 9y = 18 mS at VG = -1.8V.
Corresponding values of internal gm's are about 21-22 mS and 19-20 mS.
A value of only 12 mS would be expected at VG = -1.8V if vg were the
same in In.53Ga.47As as in GaAs. Hence In.53Ga.47As offe§f3a substan-
tial improvement over GaAs. Earlier work in this program has indi-
cated that vg can be twice as large in In.53Ga.47As as in GaAs, thus
leading to a predicted increase in I by as much as a factor of two.

Evidently there is some 9 compression occurring toward VG =0 in
these JFETs. It is possible that this is associated with the diffusion
process. H. Ando et al.]3 have studied Zn (and Cd) ampoule-type diffu-
sions in InP and have concluded that there is a compensated region
extending beyond the p-n junction depth. They speculate that this
region is caused by deep levels associated with neutral Zn (or Cd).
This is perhaps not surprising.since the solid solubility of substitu-
tional Zn in InP is about 2 x lo]acm's. yet surface concentrations are
in the 1019-1020m™3 range. The situation in In 53Ga 47As is probably
similar to InP, although In.53Ga.47As has a highe; solﬁbi1ity for ZIn.
This compensated region may be the cause of the looping observed in the
FET characteristics (Fig. 6); lack of a buffer layer may also contri-

bute. It would be interesting to form the p+ region by ion implantation

rather than diffusion, thereby reducing peak concentrations to below
solid-solubility. (It is only the Zn in excess of the solid-solubility
of substitutional Zn that diffuses rapidly and causes the compensated
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region ahead of the p-n junction.) Shallow (0.4-um deep) p+ junctions
formed by Mg or Be implants have already been successfully used at
Varian to consistently make high-quality InP impatt diodes.

Finally, we should point out that the best noise performance is
usually obtained near -20% of IDSS‘ This is rather far from the gy, com-
pression region near VG = 0. Hence, these diffused In_53Ga.47As JFETs
are likely to provide performance superior to GaAs FETs, even at the
present level of development. Rf testing is obviously important and is
planned for future more optimizel FETs having shorter gates and higher
doping (~9 x 1016cm'3).

3.4 Conclusions and Recommendations

We have demonstrated the feasibility of fabricating In'saGa.47As
JFETs superior to GaAs MESFETs. The major problems have been solved and
the remaining problems are mainly of a process-optimization nature.

FETs superior to GaAs MESFETs are expected.

The most important areas for future work, we feel, are:

1) optimizing JFETs by using higher dopings (~9 x 1016cm'3), and
smaller gates (~0.5 um).

2) RF testing of optimized JFETs for gain and noise figure.

3) Testing Mg or Be ion implantation as an alternative to Zn diffusion
to try to eliminate 9 compression near VG = 0.

4) Optimization of contacts. Other metals or annealing conditions may

lead to Tower contact resistance and/or might allow shallower p-n
junctions.
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5) Development of a buffer layer. High resistivity InAlAs layers
lattice matched to InP are within easy reach of present MBE tech-
nology. High-resistivity In.53Ga.47As layers may also be possible.
Further into the future, semi-insulating InP layers might be possi-
ble by MBE.

6) Test LPE-grown In 53Ga 47As and compare to MBE material. Since
~0.7-um thick layers are acceptable, LPE growth is feasibile.

Finally, it should be noted that in certain applications JFETs --
even GaAs JFETs -- may be desirable. GaAs JFETs have been f'abr‘icated.'4
for logic applications to take advantage of the higher built-in voltage
of the p-n junction, which assures a larger noise margin in logic
operation. Another application in which JFETs would be preferred is the
recently-demonstrated pin-FET optical receiver.15 Gate leakage currents
larger than =100 nA degrade sensitivity in this application. To retain
< 100 nA Teakage up to an operating temperature of 70°C, JFETs rather
than MESFETs will be required. Lastly, if JFETs are less prone to 1/f
noise than MESFETs, then such FETs will find application in more lower
frequency circuits where bipolars are presently preferred.
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APPENDIX A
AN ALTERNATIVE, BUT UNSUCCESSFUL, JFET FABRICATION SCHEME

An alternative scheme for fabricating In.ssGa.47As JFETs was also
investigated. The scheme involves using the gate metal (which contains
In) as a In-diffusion source during a long "contact anneal" step. If
successful, this scheme would lead to a JFET fabrication process that is
similar to the familiar MESFET process. Unfortunately, this technique
failed to produce p-n junctions with low enough leakage current.

The metal systems that were tested were:

1) Au/In/Au = 500/100/500 R.

2) TiW/Au/In/Au = 1000/1200/150/400 A.

3) Ti/Pt/Au/In/Au = 700/500/600/150/400 R.

4) Pt/Au/In/Au = 100/600/150/400 .
For the first metal system, the metals were e-beam evaporated. For the
last three metal systems, the first layers were deposited by sputtering,
while the remaining metal was an e-beam evaporation of Au/Zn/Au =
200/150/400 R. There were two types of substrates upon which these

metals were deposited:

1) a lattice-matched layer of LPE-grown In 53Ga 47As having

nx1x10%em3;

2) a polished wafer of bulk InP having n ~ 4 x 10]7cm'3.
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The metals were patterned by standard photolithographic 1iftoff
techniques into dots having various diameters ranging between 1 mil and
6 mils. A variety of annealing (diffusing) times from 1 h to 70 h at
temperatures of 240°C to 400°C were investigated. The lowest leakage
occurred for the Au/Zn/Au system when it was annealed for 14h at- 300°C
in hydrogen. Typical 2-mil diameter In.53Ga.47As diodes had 70-npA
leakage at 1V reverse bias; (40 uA was the best value). Comparison with
different size diodes indicated that the leakage current was area rather
than perimeter dependent. (The second terminal in these measurements
was an ohmic contact to the n-layer at the edge of the sample.) In the
forward-bias direction, these diodes had a voltage of oniy 0.1-0.2V at
0.5 mA. (Values of ~0.4V at 0.5 mA are typical of good In-53Ga.47As p-n
junctions.) Attempts to C-V profile these diodes failed due to the
large leakage current.

Worse results were obtained for the other metal systems (#2,3, and
4). One-hour anneals in hydrogen were made at temperatures of 300°C,
350°C, and 400°C (using a separate piece of the wafer for each tempera-
ture). There was no sign of surface decomposition under high magnifi-
cation (1000X) for either the InP or the In.536a.47As substrates. All
these samples had a similar order of magnitude leakage current, which
was approximately 1 mA at 1-2V for 1-mil diameter dots. There was
slight asymmetry in the I-V characteristics, indicating a small degree
of rectification. Metal system #4 (Pt-base) was the most rectifying,
followed in order by #3 (Ti-base) and #2 (TiW-base).

Surprisingly, there was no change in appearance of the TiW-based
system (#2) after being annealed for 1h at 400°C, even under high magni-
fication (1000X). The other metal systems tested (#4 & #3) were affect-
ed by 1 hour at 400°C, but not by 1 hour at 300°C. At intermediate
temperatures, metal dots on the InP substrate were affected more than

the dots on the In 53Ga.47As substrate, presumably because of relatively
rapid P diffusion into the metals.
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